Novel therapies to manage AF and to prevent stroke in AF patients are effective, but they also carry the risk of substantial increases in costs and complications, including death. [7] [8] [9] [10] Thus, AF shares important factors that are believed to be related to health care cost inflation in general, such as aging of the population and the introduction of innovative therapies.
AF has been shown to be related to increased costs, 11, 12 especially in the period immediately after diagnosis, in the context of both private insurance 11 and European public insurance. 12 These claims-based approaches lack the detailed and systematic assessment of the individual covariates of the participants that would have been present in cohort studies. For example, it is well known that medical claims data often lack routine assessment of smoking, blood biomarkers, or body size, which need to be inferred from the relevant diagnostic codes and are only collected at times of patient contact. The use of these irregularly recorded codes in place of systematic measurements could be a source of residual confounding, although the seriousness of this concern is dependent on the specific research question and the strength of these variables as potential confounders. Given the potential economic importance of AF as a driver of increased health care costs, we examined the hospital and clinical care costs related to AF in the setting of two large cohort studies of cardiovascular disease. We included adjustment for systematically measured clinical factors that are known to be associated with cost as possible confounders and are generally unavailable or poorly measured on most or all participants in larger administrative database-based studies (e.g. blood pressure, smoking). Furthermore, we designed our analyses to discriminate the incremental cost after accounting for the burden of other medical comorbidities in participants with AF, to address the possibility that AF was merely a marker for other diseases that increase costs. The goal of our analysis was to compare the hospital and clinical care costs during 1 year after the initial AF diagnosis versus 1 year before the initial AF diagnosis, under the payer perspective. We compared individuals who developed AF with age-and follow-up time-matched referents without AF to account for increases in costs that can be attributed to underlying changes in medical costs as the cohort ages, above and beyond those accounted for by changes in the medical care component of the consumer price index.
Methods

Cohorts
The Cardiovascular Health Study (CHS) is a populationbased, multi-center prospective cohort study of cardiovascular risk factors in community-dwelling older adults who were randomly recruited from the Medicare eligibility lists. The CHS cohort includes four US communities: Forsyth County, North Carolina; Sacramento County, California; Washington County, Maryland; and Allegheny County, Pennsylvania. It originated in 1989 and included 5888 participants who were eligible for Medicare (5201 participants recruited in 1989, with 687 African American participants added in 1992). 13 Those eligible to participate met the following inclusion criteria: (1) age ≥65 years, (2) non-institutionalized, (3) expected to remain in the area for at least 3 years, and (4) able to give informed consent and had no need for proxy respondent at CHS study entry. For the present analysis, we required that participants were still alive and under follow-up in 1992-1993 (our study baseline) at the time of the match to Medicare enrollment data (n = 351 excluded) and were enrolled in Medicare Parts A and B (n = 797 excluded), leaving 4740 participants available for selection into the analysis. Only participants who were eligible for Medicare by age (65 years or older) were included.
The participant characteristics were assessed at entry into the CHS cohort and at annual follow-up visits to the CHS study clinic. Participants were contacted every 6 months and were asked about all hospitalizations; medical records, including International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) discharge diagnosis codes, were obtained for each hospitalization. The CHS design and recruitment details are described elsewhere. [13] [14] [15] The CHS cohort data were matched to Medicare enrollment files starting with the 1992/1993 examination, and Medicare claims data were available through the end of 2009. Since Medicare data were not available at the CHS study entry in 1989-1990, this analysis begins on the date of the annual study examination in 1992-1993, to prevent left censoring of cost data.
The Framingham Heart Study (FHS) is a communitybased cohort study. 16 The Original FHS cohort began enrollment in 1948 and 1952, with subsequent examinations at roughly 2-year intervals, and continued with the descendants (and their spouses) of the Original FHS, referred to as the Offspring cohort, examined at roughly 4-to 8-year intervals. 17 Both Original and Offspring cohorts contributed participants to this analysis, using the 1998-2001 cycle as baseline. We required that participants were still alive and under follow-up in 1998-2003 at the time of the match to Medicare enrollment data, were enrolled in Medicare Parts A and B, and were 65 years of age or older. Details of the exclusion criteria for the FHS participants are presented in Supplementary Table 1 .
Atrial fibrillation diagnosis
In CHS, incident AF (including AF or atrial flutter) was ascertained from three sources: ECGs from annual study examinations through 1999, hospital discharge diagnoses ascertained from participant report or from Medicare claims data, and diagnoses of AF from Medicare outpatient or physician service claims. For AF identified according to hospital discharge or Medicare claims data, a diagnosis of AF was based on a single inpatient claim or hospital discharge diagnosis, or two outpatient or physician claims within 365 days (ICD-9-CM code 427.31 or 427.32 in any position). Individuals who experienced AF that occurred during the same hospitalization as coronary artery bypass graft or heart valve surgery were excluded from the analysis. The date of AF diagnosis, which we designated as the index date for the present analysis, was the earliest of the date of ECG indicating AF, the admission date of the qualifying inpatient claim or hospital discharge diagnosis, or the service date of the second qualifying outpatient or physician claim.
In FHS, AF was defined by AF or atrial flutter on an electrocardiogram obtained at a research study visit or during an encounter with an external clinician, by Holter monitoring, or noted in hospital records. All newly diagnosed AF cases in FHS were reviewed by E.J.B.
Referents free of AF
We individually matched participants with newly identified AF to incidence density-sampled referents based on baseline age (within 1 year) and follow-up time (within 1 day) in CHS and FHS. To accomplish the matching, for each participant who developed AF, we randomly selected a matched comparator from the set of all remaining participants of the same age who were still active in the cohort but free of AF at the index date of the AF case. The index date for each AF case was assigned to his or her comparator. Incidence density sampling is a standard approach for selection of referents when careful control of a select set of confounders, age, and calendar time in this case, is desired. [18] [19] [20] [21] Wang et al. 18 have shown that the method we used, incidence density sampling with replacement, limits bias compared with incidence density sampling without replacement and is the preferred method when sample size is limited, as was the case in this study.
Cost calculations
Costs were calculated from Medicare payments under Parts A and B and all costs were reported in 2009 dollars, to account for underlying inflation. Costs from previous years (1992-2008) were adjusted using the Medical Care Component of the Consumer Price Index, as reported in December in those years. 22 Costs included all sources of payment from Medicare Parts A and B for expenses incurred in treating participants, including inpatient hospitalizations, physician visits, skilled nursing facility care, and hospice care. We used the actual costs for participants who died during the follow-up year, and did not adjust for the reduced person-time at risk to accumulate medical costs, which would have induced bias by up-weighting costs associated with death and would not have reflected the actual costs that were billed. Because data on Medicare costs for prescription medications (Medicare Part D), implemented in the United States starting in 2006, were not available for either cohort for the entire time frame of observation, we did not include Medicare costs for prescription drugs in our cost analyses.
Covariates
Participants who developed AF and referents without AF were matched on age (within 1 year) and follow-up time. We adjusted for possible confounding factors including age, sex, race/ethnicity, baseline values of body mass index, smoking, diabetes mellitus, hypertension, ischemic heart disease (angina, unstable angina, or myocardial infarction), peripheral vascular disease, heart failure, stroke, transient ischemic attack, any cancer, and time-varying covariates for chronic obstructive pulmonary disease, chronic kidney disease, dementia, pacemaker/automated implantable cardioverter-defibrillator (AICD) implantation, and valve replacement. 13, 16, 23 Information on these characteristics came from questionnaires and standardized measurements made at study visits. These results were supplemented by a medical record review of key outcomes and ICD-9-CM codes from the Medicare claims data. This allowed us to adjust for high quality and systematically measured potential confounders, to reduce the potential for unmeasured and residual confounding.
Statistical analysis
We estimated the incremental cost for participants who developed AF compared with the matched referents, by estimating the difference in medical billing costs in the year after the index date (which we designate as the "follow-up year") compared with the year before the index date (which we designate as the "pre-event year." We excluded the first 30 days of the follow-up year for all participants, to avoid inclusion of high end-of-life costs for those and the costs of initial hospitalization at which AF was diagnosed, and added 30 days at the end to make the period precisely 1 year. We then adjusted for suspected confounding variables, giving us additional control for any confounding due to remaining differences in the matched participants. The design is known as a difference in differences approach, also known as a pre-post quasi-experimental study design (Figure 1 ). Analysis was done using linear regression with robust standard errors to handle the skewed distribution of medical costs and the repeated measure of some referents. In CHS, data were missing in 10% for cholesterol, in 9% for body mass index, and in less than 7% for all other variables. We used single imputation to handle this low rate of missing data. In a sensitivity analysis, we used multiple imputation with 10 imputation replicates.
Our declared, primary endpoint was the 1-year increase in medical costs billed to Centers for Medicare & Medicaid Services (CMS) in the presence of AF among participants who survived at least 30 days post-diagnosis. We used metaanalysis to combine the CHS and FHS study estimates to a single pooled estimate. 23 Heterogeneity was assessed with I 2 , which we used to estimate the percentage of variance attributable to inter-study heterogeneity between CHS and FHS.
In a sensitivity analysis for CHS, we updated covariates to the most recent measure available at the time of AF diagnosis or matching. Higher rates of missing data were present for AF cases, so we used the last value carried forward to minimize missingness in the time-updated covariate analysis (we also explored combining this time-updated analysis with multiple imputation, but the results were similar). Since medical practice has evolved over the study time period, in a sensitivity analysis, we re-did the CHS analysis limited to the latter portion of the follow-up period, from 1999 to 2009. We also graphed the total medical costs by a quarter, with an exclusion period of the event in which AF was diagnosed and all costs billed in the 30 days following, as a supplementary figure.
The statistical code used to analyze CHS data was shared with the FHS team and the same analysis plan was followed in FHS as in CHS. Local Institutional Review Boards reviewed the CHS and FHS protocols and participants provided informed consent. A two-tailed p-value < 0.05 was considered statistically significant. Analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC) and STATA version 14. This article followed the CHEERS guidelines 24 throughout and a checklist is attached as a supplementary file.
Results
The mean age of CHS participants identified with AF was 77 years, which was similar to that of FHS participants (79 years). CHS participants diagnosed with AF were more likely to be men, current smokers, have baseline clinical cardiovascular disease, and were less likely to use statin medications (Table 1) relative to matched referents. In FHS, the same general patterns were present (Table 2) , although the use of statin medications was relatively well balanced between the participants with AF and the referents. Of note, hypertension did not appear to vary significantly between the cases and the referents, nor did blood pressure, in either cohort (Tables 1 and 2) , although current smoking was far more common among participants with AF. Furthermore, in the CHS cohort, 138 participants with incident AF developed incident heart failure between the baseline and the index date; the same was true for only 41 comparators.
In the combined data from CHS and FHS, the primary endpoint of difference in cost in the presence of AF with adjustment for age, follow-up time, and pre-event year costs, the pooled adjusted incremental cost for participants with AF who survived at least 30 days, compared to referents, was US$18,601; 95% confidence interval (CI): US$15,981-US$21,234, with no significant heterogeneity (p = 0.51) and I 2 = 0%.
The individual studies showed similar differences in costs: in CHS, the difference was US$18,060 (95% CI US$14,965-US$21,155), and in FHS, US$20,012 (95% CI: US$15,057-US$24,966; Tables 3 and 4 ), without using time-updated covariates.
In the analysis of CHS participants further adjusted for time-updated covariates, medical costs were again statistically significantly higher in the year after AF diagnosis for all participants who survived at least 30 days after the diagnosis of AF relative to matched referents (US$25,340; 95% CI: US$17,472-US$33,207; Table 3 ). In the analysis limited to the latter part of the follow-up period, 1999-2009, the results were similar to those for the entire follow-up period, although the difference in costs was slightly higher ( Table 3 ). The results were very similar in the FHS participants overall (Table 4) .
Unadjusted costs were higher among the participants with incident AF than in their matched comparators in the preevent year, suggesting a higher burden of morbidity in these participants ( Table 5 ). In addition, the largest proportion of the increase in costs associated with AF was due to inpatient costs, more than any other category of health expenses analyzed ( Table 5) .
We conducted several sensitivity analyses. The use of multiple imputation to address missing data made no appreciable difference in the results in either cohort, as expected when the missing data rates were all less than 10%. We considered time trends (Supplementary Table 1 ) and saw that most of the costs occurred in the quarter after the AF diagnosis, although participants with AF always had higher costs than comparators, and costs had declined about a year out (justifying the 1-year cost window as the period of main interest).
Discussion
Among older individuals with and without AF of the same age, during the same follow-up period, and after statistical adjustment for clinically measured covariates, AF diagnosis was associated with an increase in Medicare costs for hospital and clinical care in the follow-up year. The increase in 1-year Figure 1 . The pre-post quasi-experimental study design (also known as the difference in differences design) is graphically displayed.
costs was similar in magnitude in two well-characterized cohorts. These estimates of increased cost post-AF diagnosis are comparable to those from studies that relied on medical claims data, which also showed an increase in costs due to AF post-diagnosis (US$9001 in 2009 dollars). 11 As expected, those who developed AF had more comorbidity than their matched referents, and higher medical care costs in the preevent year were strongly associated with greater costs in the follow-up year.
How much of the observed increase in costs is unavoidably due to the costs of treating the underlying disease state and how much might be mitigated with more aggressive therapy (e.g. careful anticoagulation) is difficult to estimate. Information on medication use is collected only once a year in CHS, and even less frequently in FHS, and Medicare prescription medication (Part D) claims data were not available in either cohort for the entire duration, so we are unable to assess the influence of anticoagulation and other medications on costs. The 1-year time window after AF diagnosis we chose to examine is comparable to the time window in which other studies have found increased costs, 12 is consistent with other pre-post designs, 25 and the use of a longer time window would increase the risk of survivors becoming unrepresentative of the underlying population.
The 1-year cost increase for AF was high, even relative to the 1-year cost of other known costly conditions such as heart failure, estimated at an incremental US$12,924 in 2006 dollars (US$14,423 in 2009 dollars) in the CHS 26 or macular degeneration (US$5197 in 2009 dollars); 27 but the total hospital and clinical costs were still higher among participants dying of or surviving with prostate cancer 28 (US$45,053 in 2009 dollars in medical costs, compared to US$25,675 in the year post-AF diagnosis). One issue that is challenging to disentangle is the burden of comorbidities that are related to the presence of AF. For example, heart failure and AF are strongly associated. 29 In the CHS cohort, 138 participants with incident AF also had incident heart failure between the baseline and the AF diagnosis. The same was true for only 41 comparators. Furthermore, it is clear that the unadjusted costs are higher in the year prior to the AF diagnosis in participants who developed AF than in their comparators, although our matched pre-post design is intended to address this issue. While heart failure could account for only part of the total cost increase, 29 it is unclear to what extent these increased costs are being driven by the complexity of the population presenting with AF. It is quite possible that these estimates represent an average burden of disease and may overestimate the cost burden for an AF patient with no other comorbid conditions.
There are some limitations to the interpretation of our results. Medication costs could not be included. It is possible that the small amount (up to 10%) of missing data could have induced some degree of bias. Whereas we observed that AF was associated with an increase in costs in the follow-up year, we cannot definitively conclude that AF itself, as opposed to coexisting medical conditions, was the cause of the increased cost. We studied individuals from CHS and FHS who had Medicare claims data and, therefore, it is uncertain whether health care costs associated with AF can be applied to younger populations, Medicare patients in managed care, or in the context of private health care plans. 11, 12, 30 There are regional variations in health care expenditures in the United States and our study covered only five communities (four CHS, one FHS); it is unclear whether our data generalize to all regions in the United States. Different medical systems may experience quite different costs associated with AF, depending on the culture of care and the mechanism of reimbursement, which makes it difficult to generalize our results to other countries. Whereas the African American race did not appear to be a major confounder, much more work remains to be done to assess costs in AF across the full range of races/ethnicities present in the United States. Finally, although the CHS and FHS cohorts are quite similar in design and measures, they are not identical, and some study-specific differences may still be present. For example, the 30-day mortality rate among those with a new diagnosis of AF differed considerably in CHS (18%) and FHS (5%), suggesting that CHS AF ascertainment may have been more sensitive to identifying AF that occurred near the end of life or that CHS participants had higher comorbidity. In our analysis, we excluded the first 30 days after the index date from the cost accrual period, to avoid inclusion of high end-of-life costs and the costs of initial hospitalization at which AF was diagnosed. The limitation to participants over the age of 65 years (eligible for Medicare) are an important group from a policy perspective (as they are separately funded), but may well include participants with a much higher burden of comorbidity than those with AF diagnosed at earlier ages. We also lacked medication cost data and any information on indirect costs (other than those billed to a Medicare payer), and it may well be the case that ongoing cost differences would be even higher if pharmacotherapy and indirect costs were included. There may be some censoring due to changes in insurance between the types of insurance (fee for service Medicare versus managed care), which may lead to a slight underestimation of the secondyear costs (making this a conservative estimate).
The key strengths of our study are the detailed information on comorbidity, assessed in a standardized manner in all participants, and the inclusion of a replication cohort (FHS). Previous work 31 has been based on economic modeling 32, 33 or based on medical claims data alone, 11, 12, 34, 35 rather than in the setting of an epidemiological cohort study. The systematic measurement of covariates such as diabetes, smoking, and blood pressure made it possible to determine the potential increase in risk due to comorbidities that are not captured perfectly in medical claims data. While careful analytic techniques can make medical claims data a powerful source of information on health events 25 and costs, there is always an advantage to additional data when it can be obtained. Our study found higher costs than those in Kim et al., 11 which found a 1-year increase of US$8705 (US$9001 in 2009 dollars) in a medical claims study, although their cohort included much younger participants. They also used propensity score matching, which provided better covariate balance between the incident AF participants and referents, but less exact matching on calendar time and age. Our study is a unique contribution due to the systematic measurement of confounders in clinical examinations-providing a great deal of extra evidence that this cost increase is not confounded by comorbid conditions. It also provides strong evidence that the difference in differences approach used in our study is able to greatly reduce the confounding present in administrative databases, making the final adjusted estimates quite similar to the unadjusted estimates. Overall, it is notable that a wide range of approaches show evidence of increased costs among patients diagnosed with AF.
From a health policy perspective, our results suggest that reducing AF costs is an attractive option, given that these costs are large even in the context of other costly health conditions. Although the available data do not put us in the position to make specific treatment recommendations, they do imply that improving adherence to standard therapies may be useful in reducing the outcomes that typically drive costs. 36 Furthermore, it is plausible that there may be a role for improving screening for AF to reduce future costs, 37 as it is possible that some of these large medical costs may be mitigated with earlier detection and intervention. An expensive disease state makes screening much more likely to be cost effective. The ultimate benefit of these strategies needs to be evaluated in the context of careful experiments, as the CHS and FHS data studied in this article demonstrate the cost consequences of AF in an earlier era of therapy and cannot evaluate the possible cost-effectiveness of interventions to treat AF in older adults. Rather, we can only highlight that the large costs associated with AF, in this carefully controlled study, create the potential for significant cost savings from improved management of AF.
Overall, we found that a new AF diagnosis in older adults was associated with large incremental hospital and clinical care costs, even after adjusting for a broad range of systematically measured covariates. Our results were validated in an independent cohort and were robust to various sensitivity analyses. Of interest was that the difference in differences design showed very similar costs in unadjusted, compared to the fully adjusted models, suggesting that this study design may be of great use in data contexts where systematically measured individual clinical data are unavailable. The observed increase in costs for participants diagnosed with AF suggests that the expected increase in AF prevalence over time may also bring an increase in Medicare expenses.
